Nineteen new Deinococcus isolates from soil, 18 of which were from samples immediately adjacent to a lake in Nottingham, UK, were characterized by conventional criteria, and found to be identical to each other and to conform most closely to the species D. radiopugnans. However, we detected three different restriction enzyme activities in three different isolates. Because of this suggestion of heterogeneity, we examined the isolates for restriction fragment length polymorphisms (RFLPs). RFLP analysis of the 19 original isolates, using three different probes, distinguished 17 divergent groups. This extraordinary diversity cannot be attributed to geographical differences, nor to the method of isolation, which employed UV-radiation selection.
Introduction
The genus Deinococcus (Brooks & Murray, 1981; Murray, 1986; Murray & Brooks, 1986) consists of four species of nonsporing bacteria that share an exceptional resistance to UV and ionizing radiation (Moseley, 1983) and to desiccation (Murray, 1986; Sanders & Maxcy, 1979) . Since the first isolation of the genus type strain, D . radiodurans R1 (Anderson et al., 1956) , from irradiated canned meat, the other species of this genus which have been recognized are : D. radiopugnans, from irradiated haddock tissue in Massachusetts (Davis et al., 1963) and from weathered granite in Antarctica (Counsel1 & Murray, 1986) ; D. radiophilus, from irradiated Bombay duck in India (Lewis, 1971) ; and D. proteolyticus, from irradiated faeces of Llama glama (Kobatake et al., 1973) and irradiated sewage sludge cake and animal feeds in Japan (It0 et al., 1983) . In contrast to the latter three species, D. radiodurans has been isolated many times with a world-wide distribution (Murray, 1986) .
The diversity of natural bacterial populations is believed to be far greater than previously detected by culture-dependent laboratory methods (Ward et al., 1990, and citations therein) . Recent evidence in favour of this proposition has been obtained by cloning and Abbreviation : RFLP, restriction fragment length polymorphism.
0001-6593 O 1991 SGM sequencing of 16s rRNAs directly from natural biomass in two bacterial populations, Sargasso sea bacterioplankton (Giovannoni et al., 1990 ) and a cyanobacterial mat from Yellowstone hot springs (Ward et al., 1990) . One obstacle to detecting the full range of natural bacterial diversity is that laboratory-based culture is itself a form of selection. Another obstacle is that closely related organisms may appear identical by various taxonomic criteria, and yet be quite diverse in genetic organization. In the current communication we characterized every Deinococcus isolate obtained from a single source, via a stringent selection method. Although the organisms were identical by conventional criteria we found an extraordinary diversity of DNA polymorphisms.
Methods
Bacterial strains and plasmids. Previously isolated strains and plasmids are listed in Table 1 . Deinococcus spp. were grown in TGY nutrient broth (0.8% tryptone, 0.4% yeast extract, 0.1 % glucose) or on TGY plates, solidified by 1.5% (w/v) agar. Escherichia coli was grown at 37 "C in LB broth.
Isolation of deinococci.
Solid and water samples (1-2 g) were collected from various sites and mixed with 15 ml sterile 67 mM-potassium phosphate buffer, pH 7.0. Debris and soil were allowed to settle out and the supernatant placed in a sterile glass Petri dish to a depth no greater than 1 mm and exposed to 254nm UV-radiation from a germicidal lamp at a dose rate of 1.05 J m-2 s-l. Samples were taken after 15 and 20 min of irradiation (945 and 1260 J m-2 total fluence, respectively), plated on TGY agar, and incubated at 30 "C. Red-pigmented colonies were selected and colony isolates derived from them. Phenotypic characterization. (i) UV resistance was assesed by the agar plate streak test (Naumovski & Friedberg, 1982) , with the modification that higher UV fluences were employed. (ii) UV survival curves were obtained as described by . (iii) Measurement of DNA G + C content was by thermal denaturation (Marmur & Doty, 1962) . Salmon sperm DNA (43 mol% G + C) was used as control. (iv) fl-Galactosidase was assayed as previously described (Lennon & Minton, 1990) . (v) Electron microscopy was performed as described by Brooks et al. (1980) . (vi) Natural transformability was assessed as follows. All isolates were plated on TGY agar containing 25pg rifampicin ml-l. Spontaneous RiP mutants were selected and DNA prepared from them. All original RiF isolates, as well as RiF D . radwdurans strains R1 and SARK, were transformed with their own (RifR) DNA, as described by Tirgari & Moseley (1980) . Transformants were selected on TGY plates containing 25 pg rifampicin ml-l. (vii) Diamino acids in the peptidoglycan layer were determined as follows. Peptidoglycan cell walls were prepared according to Schleifer & Kandler (1972) ; 1 mg of peptidoglycan was then hydrolysed in 6 M-HCl at 110 "C for 18 h, and analysed in a Beckman model 120C amino acid analyser.
Screening for restriction endonucleases. Plateau-phase cultures were harvested and washed with TE buffer (10 mM-Tris, 1 mM-EDTA), resuspended in 10 ml 10 mM-Tris/HCl pH 7.5, 1 m-EDTA, 1 mMphenylmethylsulphonyl fluoride, and lysed by French press at 20000 p.s.i. (138 MPa) at 4 "C. Cell debris was removed by centrifugation at 27000g for 10 min. Restriction endonucleases were detected by incubating aliquots of supernatant with 1 pg of DNA (A, pBR322 and #X 174) in a final volume of 20 pl with 10 rn~-MgCl,, 10 mM-Tris/HCl pH 7.8, 1 mM-dithiothreitol, 0-100 mM-NaC1 at 37 "C for 2 h. Cleavage products were resolved by agarose gel electrophoresis (0.6-0.8 %) and the calculated DNA fragment sizes compared with restriction patterns of other known restriction endonucleases.
Assessment ofpolar lipids.
The cultures of each isolate grown in TGY broth were harvested, extracted using the procedure of Bligh & Dyer (1959) , and the extracts submitted to one-dimensional thin-layer chromatography (TLC) on 20 x 20 cm plates coated with 0.25 mm thick silica gel G-25. The two solvent systems and several detection reactions applied to the developed plates were those of Counsel1 & Murray (1986) . Solvent 1 was chloroform/methanol/water (65 : 25 : 4, by vol.) and solvent 2 was chloroform/acetone/methanol/acetic acid/water (10 : 4 : 2 : 2 : 1, by vol.). Extracts of a set of Deinococcus reference strains, D . radiodurans SARK UWO 298, D . radiophilus UWO D. radiopugnans UWO 293T and D. proteolyticus UWO 1056T were run on the same TLC plates for comparison.
DNA purification and manipulations. DNA isolation procedures, enzymic reagents, electrophoresis, Southern blotting, hybridization, washing of blots, autoradiography, and removal of probe from blots were as described by Lennon & Minton (1990) . For most Southern blot experiments 3 pg samples of CsC1-purified chromosomal DNAs were electrophoresed on 0.8% agarose horizontal gels at 1.5 V cm-l. Hybridization with 32P-labelled probe employed lo6 c.p.m. ml-l in 50% (v/v) formamide for 18 h at 37 "C. Blots were washed at high stringency with a final washing at 60 "C in 15 mM-NaC1, 1.5 sodium citrate, 0.1% sodium dodecyl sulphate.
Isolation of Deinococcus strains
Fifteen samples, 1-2 g each, from various locations within the UK were heavily UV-irradiated, as described in Methods. Four locations (sites 1,4,5 and 6) yielded an overall total of 19 Deinococcus-like red-pigmented colonies. They were all from soil taken from very damp areas. Isolate 1/10 was found in Edinburgh, next to a stream. Isolates 4/1 through 4/16,5/1 through 5/14, and 6/1 were from three locations (sites 4, 5 and 6), all within a 20 m2 area next to a lake in Nottingham. By streak test all 19 isolates were UV resistant. The UV-radiation survival curves of 14 isolates are shown in Fig. 1 . Also included in this figure is D. radiodurans R1 and the UV-sensitive D. radiodurans Rl derivative, strain UVS78, that lacks two U V endonuclease repair pathways . The high U V resistance of the new isolates is similar to and characteristic of all known deinococcal species (Moseley, 1983) .
Ident$cation of new strains
The four recognized species of Deinococcus are quite similar in phenotype, although distinguishable by a number of characteristics (Murray, 1986) . In common with all deinococci, all 19 current isolates showed the following: (i) dyads of cocci with Gram stain variability, predominantly Gram positive during the exponential phase; (ii) a very high DNA G + C content, of 67.5 1.5 mol%; and (iii) production of catalase. All the current isolates differed from D. radiodurans, but not from the other three Deinococcus species, in not being naturally transformable by DNA from spontaneous RiP mutants of the same isolates. All the current isolates produced Q-galactosidase, similar only to D. radiopugnans. These observations suggest assignment of all of the new isolates to D. radiopugnans, as only this species meets these criteria : red-pigmented radiation-resistant cocci with very high DNA G + C content, that are nontransformable and produce Q-galactosidase. In addition, DNA from D. radiopugnans (UWO 293T) hybridized strongly to DNA from the new isolates, but not to DNA from D. radiodurans R1, D. radiodurans SARK, D . proteolyticus, or E. coli (Fig. 2) . This observation supports the assignment of the new isolates to D. radiopugnans.
Five representative isolates were selected for more detailed characterization : the isolate from site 1 (l/lO), two isolates from site 4 (4/1 and 4/12), one isolate from site 5 (5/3), and the isolate from site 6 (6/1). It should be noted that three of these sites (4, 5, and 6) were essentially the same, as these soil samples were collected within a few metres of each other. Micrographs of thin 
UV-irradiation (J m-')
sections of the five isolates were identical, showing cocci with a complex cell wall profile with an outer membrane displaying a looped appearance widely separated from a thick peptidoglycan layer, features typical of the genus. Fig. 3 Huang & Anderson, 1989) . The five isolates examined showed polar lipid profiles that were identical to each other (Fig. 4) . The profile most closely resembled D. radiopugnans. Distinguishing features in solvent system 1 (Fig. 4a) were two prominent and closely adjacent phospholipids at RF approx. 0.35 present in the new isolates as well as in D. radiopugnans and D. radiodurans; and a phospholipid at RF approx. 0.56, which was present only in the new isolates and in D. radiopugnans and D . proteolyticus (Fig. 4 b) . Solvent system 2 showed a phospholipid at RF 0.35 present only in the new strains and D . radiopugnans (Fig. 4c, d ) and another at RF 0.57 present only in the new strains and in D. proteolyticus and D. radiopugnans. The observations on these five isolates are most compatible with the assignment to D. radiopugnans. 
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Restriction endonucleases in the new D. radiopugnans isolates
The 19 new isolates were evaluated for the presence of restriction endonucleases, as described in Methods. Strain 4/9 contained an isoschizomer of XhoII ; strain 5/3 contained an isoschizomer of PuuI; and strain 6/1 contained an isoschizomer of Bst EII. No restriction enzyme activities were detected in the other 16 isolates. The activities of all three restriction endonucleases were optimal at approximately 37 "C at 50 mM-NaC1 (data not shown). The BstEII isoschizomer found in isolate 6/1 could be useful since BstEII reactions are performed at 2 50 "C.
Restrict ion fragment length poly morph isms
The first suggestion of heterogeneity amongst these isolates was the presence of three different restriction enzyme activities in three different isolates, as described above. To further differentiate the colony isolates, we employed analysis of restriction fragment length polymorphisms (RFLPs), a techique that has recently proved useful for distinguishing strains in a variety of bacterial species (Kaijalanin & Lindstrom, 1989 , and citations therein). Southern blots of EcoRI-cleaved genomic DNA were hybridized with the three different probes described in Table 1 : pUE58, pUE200 and pS19.
Cross-hybridization of these probes to other previously described species of Deinococcus, as well as the new isolates, occurred under stringent conditions (Figs 5 and 6). All the known species varied from each other as expected, but the new strains showed unexpected variety. While many isolates appeared different by hybridization to two or all three of the probes, differences between some of the strains were limited to only one of the three probes used; for example strains 4/8, 4/9 and 4/11 had identical patterns for pUE58 and pUE200 but 4/9 differed when probed with pS19.
The chromosomal probes, pUE58 and pUE200, permitted differentiation of the 19 isolates into 12 RFLP groups (Table 2 ). Polymorphisms detected with the SARK plasmid probe, pS19, increased the number of polymorphism groups from 12 to 17. Cross-hybridization of these three probes to genomic DNA of the other species and the new isolates was not as prominent as hybridization to the D . radiodurans strains; however, hybridization was distinct and highly polymorphic.
UV-irradiation was used as the selective agent to acquire these new deinococcal isolates. The great majority of all known Deinococcus strains have been isolated using similar protocols (UV-or X-irradiation ; Murray, 1986) . Thus, the chromosomal variation could be due to the selection procedure itself, as UV might induce mutations which are detected as RFLPs. To investigate this hypothesis, one of the new D . radiopug- nans isolates, strain 4/9, and the type strain of the genus, D. radiodurans R1, were heavily UV-irradiated (1 500 J ma*). Eight colony isolates of D. radiopugnans strain 4/9 survivors and 11 colony isolates of D. radiodurans R1 survivors, as well as unirradiated controls, were evaluated by the same RFLP procedures as used for the new isolates above. In the case of D. radiopugnans 4/9, hybridization of all three probes was precisely identical amongst all eight 4/9 survivors and the unirradiated 419 control. The same results were found in the case of D.
radiodurans R1 , i.e. all survivors and the unirradiated control were precisely identical. 8, 1/10; 9, 611; 10, 411; 11, 415; 12, 418; 13, 419; 14, 4/11; 15, 4/12; 16, 4/13; 17, 4/16. Table 2 ). The plasmid pUE58 contains the mtcA gene, and pUE200 the uusC, uvsD and uvsE genes from D . radiodurans Rl. The gene products of these loci are two independent UV-endonucleases that are required for resistance to UV and bulky alkylating agents Moseley & Copland, 1978; Tempest & Moseley, 1980) , and we expected them to be highly conserved as all members of the genus are remarkably UV-resistant (Moseley, 1983) . The third probe, pS19, is the full length of the naturally occurring D. radiodurans SARK cryptic plasmid pUEl1, which has been cloned in the E. coli plasmid pS27 (Smith et al., 1989) . Cross-hybridization of pS 19 with chromosomal DNA of D. radiodurans strains SARK and R 1, and hybridization to pS16, a cryptic plasmid of strain R l , had led to the speculation that pUEl1 and pS16 may be related episomes in their respective host strains (Smith et , 1989, 1990) . Therefore, the results of hybridization with pS19 may reflect both plasmid and chromosomal pol ymorp hisms. Site 4 yielded six different strains, while site 5, a few metres away, yielded nine different strains, with no overlap of RFLP types between these two adjacent soil samples. The two samples, though very close, may represent isolated populations, allowing variation to occur; but this does not account for the differences found within each sample.
To our knowledge, the extent of diversity of laboratory-grown colony isolates from single samples (either environmental or clinical) as shown in the current work, has not been previously demonstrated for any other bacteria. A wide spectrum of studies have addressed bacterial diversity by RFLP analysis, but in all cases there has been little diversity (Clark-Curtiss & Walsh, 1989; Kakoyiannis et al., 1984) , or in those studies in which extensive diversity was demonstrated it was attributable to host specificity (Fukushi & Hirai, 1989; Kaijalanin & Lindstrom, 1989) The large number of D . radiopugnans strains from a small sample, as distinguished by RFLPs, is unlikely to be the result of point mutations adding and subtracting EcoRI sites in the chromosome. Instead, our observation suggests the frequent occurrence of chromosomal rearrangements. We have recently detected highly conserved long reiterated sequences widely distributed in the chromosomes of both D . radiodurans SARK (Lennon et al., 1991) and R1 (unpublished results). These sequences could serve as recombination sites at which rearrangements occur. It can also be speculated that bacteriophages or transposons induce rearrangements; however, despite intense efforts to identify such agents over many years, none have been found (unpublished results) .
This study suggests much greater heterogeniety of genomes within D . radiopugnans than ever previously imagined. Typically, if multiple isolates cultured from a single natural sample appear identical by classical methods, it is tacitly assumed that these isolates are monoclonal. If at any point during the course of this study we had taken one colony as representative, we would have failed to detect the diversity of chromosomal arrangement in these isolates. The frequency of rearrangements in D. radiopugnans may be species-or genusspecific. Alternatively, thorough characterization of natural isolates from single sources of other bacterial species may reveal similar phenomena.
